We examined the effects of an Antrodia cinnamomea ethanol extract (ACEE) on lung cancer cells in vitro and tumor growth in vivo. ACEE produced dose-dependent cytotoxic effects and induced apoptosis in Lewis lung carcinoma (LLC) cells. ACEE treatment increased expression of p53 and Bax, as well as cleavage of caspase-3 and PARP, while reducing expression of survivin and Bcl-2. ACEE also reduced the levels of JAK2 and phosphorylated STAT3 in LLC cells. In a murine allograft tumor model, oral administration of ACEE significantly inhibited LLC tumor growth and metastasis without affecting serum biological parameters or body weight. ACEE increased cleavage of caspase-3 in murine tumors, while decreasing STAT3 phosphorylation. In addition, ACEE reduced the growth of human tumor xenografts in nude mice. Our findings therefore indicate that ACEE inhibits lung tumor growth and metastasis by inducing apoptosis and by inhibiting the STAT3 signaling pathway in cancer cells.
Results

ACEE induces apoptosis in lung cancer cells.
We examined whether ACEE produces cytotoxic effects on Lewis lung carcinoma (LLC) and CL1-5 lung cancer cells using the MTT cell viability assay. ACEE treatment for 24 h reduced LLC cell viability in a dose-dependent manner compared to ethanol (EtOH) used as a control (Fig. 1A , ACEE vs. EtOH). In CL1-5 cells, ACEE treatment reduced viability at 0.05 and 0.1% but produced no effect at lower concentrations ( Supplementary Fig. S1B ). ACEE did not reduce the viability of human MRC-5 fetal lung fibroblasts used as a control for non-cancerous cells ( Supplementary Fig. S1A ). ACEE treatment significantly decreased the viability of other human lung cancer cells (A549, CL1-0, H520, and H661) in a dose-dependent manner ( Supplementary Fig. S2 ). We further examined whether ACEE induces apoptosis in lung cancer cells by using flow cytometry-based detection of annexin V-positive cells. As shown in Fig. 1B , ACEE treatment for 24 h induced apoptosis in a dose-dependent manner in LLC cells (Fig. 1B) . Apoptosis marker proteins such as cleaved caspase-3 (active form) and its downstream substrate, poly-(ADP-ribose)-polymerase (PARP), were also assessed using Western blot analysis. As shown in Figs 1C and S1C, ACEE induced cleavage of full-length PARP (116 kDa) into its active form (89 kDa) in LLC and CL1-5 cells. The level of cleaved caspase-3 fragments also increased following treatment of LLC and CL1-5 cells with ACEE ( Fig. 1C and Supplementary Fig. S1C ). These results indicate that ACEE reduces the viability of lung cancer cells by inducing apoptosis.
Involvement of Bcl-2 proteins in ACEE-induced apoptosis.
Members of the Bcl-2 family of proteins are involved in regulation of cell survival; these proteins include Bcl-2, which possesses anti-apoptotic properties, and Bax, which induces apoptosis 18 . We therefore examined the level of Bcl-2 family proteins in response to ACEE treatment. As shown in Fig. 1C , ACEE treatment decreased Bcl-2 protein level in LLC cells, while this treatment increased slightly Bax level. In CL1-5 cells, ACEE used at a concentration 0.1% also reduced Bcl-2 and increased Bax ( Supplementary Fig. S1C ). Quantitative analysis of Bcl-2 and Bax protein using densitometry showed that the Bax/Bcl-2 ratio increased in a dose-dependent manner following ACEE treatment in LLC cells ( Fig. 1D ). Treatment of CL1-5 cells with 0.1% ACEE significantly increased the Bax/Bcl-2 ratio compared with control ethanol ( Supplementary Fig. S1D ). We conclude that ACEE induces apoptosis of lung cancer cells by modulating Bcl-2 and Bax protein levels.
ACEE inhibits JAK2/STAT3 signaling pathway activation in LLC cells. Previous studies have shown
that blockade of STAT3 activation in tumor cells induces apoptosis, inhibits cell proliferation and suppresses angiogenesis 3 . To investigate whether ACEE affects STAT3 activation in LLC cells, we measured the level of the STAT3 regulator JAK2 by using Western blotting. ACEE significantly reduced JAK2 protein level in LLC cells ( Fig. 2A,B ). ACEE treatment reduced the level of phosphorylated STAT3 (P-STAT3) in a dose-dependent manner, whereas total STAT3 protein level remained unchanged ( Fig. 2A,C) . ACEE treatment also reduced phosphorylated Src www.nature.com/scientificreports www.nature.com/scientificreports/ (P-Src) levels, especially at the concentration of 0.1%, while total Src level remained constant ( Fig. 2A,D) . These observations indicate that ACEE inhibits STAT3 signaling in LLC cells.
ACEE affects survivin and p53 expression in LLC cells.
The protein survivin, a member of the inhibitor of apoptosis (IAP) family, is a target gene of the transcription factor STAT3 and is known to be crucial for the proliferation and survival of cancer cells. A previous study showed that inhibition of STAT3, which is constitutively activated in gastric cancer cells, represses survivin expression 19 . We therefore measured survivin expression in LLC cells after ACEE treatment. As shown in Fig. 3A ,B, survivin protein level decreased in a dose-dependent manner in LLC cells treated with ACEE for 6 h. Another study showed that inhibition of STAT3 activation up-regulates p53 expression in cancer cells, leading to p53-induced apoptosis 20 . As shown in Fig. 3C ,D, we observed that ACEE treatment for 24 h increased p53 protein level compared with control ethanol. These results suggest that ACEE may produce anti-cancer effects by affecting expression of survivin and p53.
ACEE inhibits tumor growth and lung metastasis in vivo.
We used an animal model of LLC-induced allograft tumors to evaluate the anticancer effects of ACEE in vivo (Fig. 4A ). In this animal model, the use of LLC-LT cells expressing luciferase allowed bioluminescence-based detection of tumor cells in vivo. LLC-LT cells were transplanted into the right hind paw of C57BL/6 mice and tumors formed locally before producing metastases in the lungs. Notably, ACEE treatment at 0.5 and 1% considerably reduced primary tumor growth at the site of injection ( Fig. 4B ). ACEE treatment reduced tumor volume in a dose-dependent manner compared with control ethanol (Fig. 4C ). ACEE produced no apparent side effects on blood biochemical parameters ( Table 1) or body weight (data not shown). We also examined the effects of ACEE on the growth of xenograft tumors produced by subcutaneous inoculation of human A549 lung cancer cells into nude mice. As shown in Supplementary  Fig. S3A ,B, ACEE treatment reduced tumor size and volume in a dose-dependent manner compared with the control group treated with vehicle 1% ethanol. Haematoxylin and eosin (H&E) staining of tumor tissues revealed that, while no sign of tissue damage was detected for the mice treated with vehicle ethanol, ACEE treatment increased tissue damage and necrosis in a dose-dependent manner in tumor tissues compared with the control group ( Supplementary Fig. S3C ).
We further examined whether ACEE treatment reduces the occurrence of lung metastases in this animal model. Bioluminescence imaging in vivo showed that ACEE treatment significantly reduced photon counts from www.nature.com/scientificreports www.nature.com/scientificreports/ the body surface of mice ( Fig. 5A,B ). Moreover, ACEE administered at 0.5 and 1% significantly reduced the number of lung metastatic nodules compared with the control group (Fig. 5C,D) . As expected, ACEE treatment (1%) starting on day 2 produced higher anti-metastatic activity than treatment starting on day 15 ( Fig. 5A-D) . The www.nature.com/scientificreports www.nature.com/scientificreports/ www.nature.com/scientificreports www.nature.com/scientificreports/ number and size of micrometastatic nodules per field was also significantly lower in ACEE-treated groups compared with the control group, as assessed in H&E-stained lung tissues (Fig. 5E ). These results reveal that ACEE produces antitumor and anti-metastatic effects in animals.
ACEE induces cancer cell apoptosis in vivo.
To determine whether ACEE induces tumor cell apoptosis in vivo, we examined the effect of ACEE on the level of cleaved caspase-3 in LLC tumor allografts. Based on immunohistochemistry analysis, cleaved caspase-3 level was significantly increased in ACEE-treated groups compared with the control group (Fig. 6 ). In addition, immunohistochemistry analysis of ACEE-treated LLC tumor allografts showed that the expression level of P-STAT3 was significantly reduced in ACEE-treated tumor sections ( Fig. 6 ), indicating that ACEE induces apoptosis and reduces P-STAT3 level in cancer cells in vivo.
Discussion
Numerous studies have shown that the JAK2/STAT3 signaling pathway, which regulates many cellular processes including proliferation, survival, metastasis and angiogenesis, is constitutively activated in various tumor cell lines and primary tumors 3, 5 . The JAK2/STAT3 signaling pathway therefore represents a potential target for cancer therapy 21 . In the present study, we observed that ACEE induces apoptosis in lung cancer cells and reduces tumor growth and metastasis in an animal model of allograft tumor in mice. Notably, ACEE significantly reduces the expression of JAK2 and P-STAT3 in LLC cells, in addition to reducing P-STAT3 level in murine allograft tumors. These results suggest that ACEE may suppress tumor growth by inhibiting the JAK2/STAT3 signaling pathway.
Several anti-apoptosis proteins such as survivin and Bcl-2, which are known to be crucial for tumor survival, represent targets of the transcription factor STAT3 and are down-regulated as a consequence of STAT3 inhibition 22 . In cancer cells, constitutively activated STAT3 may inhibit p53 expression by binding to the p53 promoter 20 , thereby preventing p53-mediated apoptosis and contributing to cell survival. As a pro-apoptotic transcription factor, the p53 protein also down-regulates Bcl-2 and up-regulates Bax, thereby affecting the Bcl-2/Bax ratio and favoring apoptosis 23 . In the present study, we observed that ACEE treatment reduces expression of the STAT3-modulated anti-apoptotic proteins Bcl-2 and survivin in LLC cells, in addition to increasing expression of the pro-apoptotic proteins Bax and p53. ACEE also induced cleavage of apoptosis markers such as caspase-3 and PARP in LLC cells. A previous study reported that antrocin, a sesquiterpene lactone isolated from A. cinnamomea, induces apoptosis in human bladder cancer cells via a Bcl-2-dependent pathway and caspase-3 activation 24 . These observations indicate that ACEE induces apoptosis in lung cancer cells by inhibiting the JAK2/ STAT3 signaling pathway and by inducing apoptosis via modulation of Bax/Bcl-2, caspase-3 and PARP.
We demonstrated that ACEE produces anti-tumor activity on lung cancer in vivo. Oral administration of ACEE in a mouse allograft tumor model significantly reduces tumor volume and increases cleavage of caspase-3 in tumor tissues. Our results indicate that ACEE significantly reduces the number of lung tumor nodules in LLC-bearing mice, indicating that ACEE may reduce tumor metastases to the lungs. The anti-cancer and anti-metastasis activities of ACEE may be produced by triterpenoids and the lanostanoid compound pinicolol B which have been identified in the extract studied here (triterpenoids, 34.3%, w/w; pinicolol B, 91 ppm; see Methods; more information about the chemical analysis of ACEE is also found in our previous study) 25 . These triterpenoid and lanostenoid compounds have been shown to produce anticancer effects in previous studies [26] [27] [28] .
In conclusion, the present study reveals that an ethanol extract of A. cinnamomea mycelium effectively inhibits tumor growth and metastasis by inducing apoptosis in lung cancer cells and LLC tumor allografts in mice. The anti-cancer effects of ACEE in lung cancer cells are mediated at least in part by down-regulation of the JAK2/ STAT3 signaling pathway. These results suggest that ACEE represents a potential candidate for lung cancer treatment and the isolation of anticancer compounds. CRL-3216) were obtained from the American Type Culture Collection (Manassas, VA, USA). A549, LLC, CL1-0, CL1-5 and HEK-293 cell lines were grown in DMEM, while H520 and H661 cells were cultured in RPMI 1640 medium. Both cell culture media were supplemented with FBS (10%, v/v), sodium pyruvate (1 mM), penicillin (100 units/ml) and streptomycin (100 μg/ml). MRC-5 cells, which were used as control non-cancerous lung cells as before [29] [30] [31] , were cultured in MEM containing FBS, sodium pyruvate, penicillin and streptomycin as above. All cells were incubated at 37 °C in standard cell culture conditions.
Mycelium extract. A. cinnamomea mycelium was isolated by Chang Gung Biotechnology (Taipei, Taiwan)
and identified by DNA analysis of 5.8 S rDNA and internal transcribed spacer-1 and 2 (ITS-1 and ITS-2). DNA sequences were compared with a type strain of the BCRC database (AJ496398). ACEE was prepared as before 8 , with minor modifications as described below to increase the concentration of the extract. A. cinnamomea mycelium (~400 g) was mixed with 10 liters of ethanol (95%, v/v). Following agitation for 1 h at 80 °C, the solution was centrifugated (5,900 g) 30 min at room temperature. A vacuum concentrator was used to concentrate the supernatant to obtain a sample of approximately 80 g. After centrifugation (5,900 g, 30 min), the supernatant corresponding to ACEE was collected and stored at 4 °C.
Triterpenoid and pinicolol B quantification. Triterpenoids were quantified as before 32 . Pinicolol B was quantified using high-performance liquid chromatography (HPLC) with a Cosmosil 5C18-MS-II column (4.6 × 250 mm, 5 μm). The mobile phase consisted of 0.009% phosphoric acid (solution A) and acetonitrile (solution B). Elution was started with a mobile phase containing 70% solution A and 30% solution B. The gradient of solutions A and B was changed to 53/47 from 0-110 min, and to 0/100 from 110-170 min. A flow rate of 1 ml/min and a photodiode detector was used at 243 nm.
Cell viability assay.
A commercial MTT kit was used to monitor cell viability (Sigma-Aldrich, St. Louis, MO, USA). Briefly, LLC (1.5 × 10 4 cells/well), A549, CL1-0, CL1-5 (1 × 10 4 cells/well), H520 (4 × 10 4 cells/well), H661 (6 × 10 3 cells/well), and MRC-5 (2 × 10 4 cells/well) cells were cultured in 96-well plates. After 24 h, the cells were treated with ACEE for 24 h. The cell culture medium was removed and replaced with 5 mg/ml of MTT for 4 h. One hundred μl of MTT solubilization solution was added to each well, followed by mixing in a shaker for 10 min. Absorbance was measured at 570 nm using the VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). Cell viability percentage was calculated as the ratio of surviving cells in the ACEE-treated group divided by that of the control group.
Apoptosis assay. Apoptosis was monitored using the Annexin V-FITC Apoptosis Detection Kit (BioVision,
Mountain View, CA, USA) as previously described 33 . Briefly, LLC (5 × 10 5 cells/well) cells were cultured in 6-well plates. After 24 h, the cells were treated with ACEE for 24 h. Both floating and adherent cells were collected and washed with PBS. Apoptosis was examined by flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA) based on the manufacturer's instructions.
Establishment of LLC-LT cells. Virus stocks were prepared by co-transfecting the pLenti-LucDsRed (LT)
plasmid with three packaging plasmids, pMDLg/pRRE, CMV-VSVG and RSV-Rev (Addgene, Cambridge, MA, USA), into 293 T cells. Supernatants containing viral particles were harvested 36-48 h later, filtered and centrifuged at 20,000 g for 90 min. Viral titer was determined by the end-point dilution method by counting the number of infected 293 T red cells at 100× magnification under a fluorescence microscope (Nikon, Tokyo, Japan) 96 h after infection. The titer of transducing units (TU) was computed as follows: TU/ml = (the numbers of red fluorescent cells) × (dilution factor)/(volume of virus solution). LLC cells were seeded in 12-well plates and the cells were transduced with an equal amount of LT virus particles. Stably transducted cells were designated as LLC-LT. Lung cancer animal model. Animal experiments were approved by the Institutional Animal Care and Use Committee (Chang Gung University). Experiments were done according to the guidelines. Commercial C57BL/6 mice (eight-week old, male, ~23.5 g; National Laboratory Animal Center, Taipei, Taiwan) were maintained in a 12 h light/12 h dark cycle with access to food and water at all time. After seven days, the animals were divided into four groups (n = 5/group). Treatments were as follows: group 1: 1% ethanol starting on day 2; group 2: 0.5% www.nature.com/scientificreports www.nature.com/scientificreports/ ACEE starting on day 2; group 3: 1% ACEE starting on day 2; group 4: 1% ACEE starting on day 15. On day 1, Opti-MEM medium (50 μl) containing 2.5 × 10 5 LLC-LT cells was inoculated into right hind paws. One day after cell injection, ACEE at concentrations of 0.5% or 1% (dissolved in 0.1 ml PBS) and the 1% ethanol vehicle (dissolved in 0.1 ml PBS) were given by oral gavage (5 times/week). Tumor size was determined with calipers every three days starting on day 3. Tumor volume was calculated using the following formula: tumor volume (mm 3 ) = larger diameter (mm) × small diameter (mm 2 )/2. On day 15, primary solid tumors were resected. On day 45, all mice were sacrificed; blood and lung tissues were harvested for further analysis. Metastasized pulmonary nodules were counted using a stereomicroscope.
In vivo tumor xenograft experiments. Eight-week-old male BALB/c nude mice (18 to 22 g) were purchased from the National Laboratory Animal Center. Exponentially growing A549 cells were mixed at a 1:1 ratio with Matrigel (BD Biosciences), and a 100 μl suspension containing 2 × 10 6 cells was injected subcutaneously in the right flank of each mouse. After 12 days, mice were divided to form four groups (n = 8 mice per group). The animals were treated by oral gavage with 0.5, 1 or 2% ACEE in 0.1 ml of PBS five days per week. Mice in the control group were treated as described above. Tumor volume was measured using calipers on day 12, 22, 29, 36, 43, and 52. The experiment was terminated 52 days after tumor cell inoculation. At the time of sacrifice, tumors were excised and photographed. Tumor samples were also fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis.
Bioluminescence imaging in vivo. Bioluminescence imaging was performed using the IVIS Imaging System (Xenogen, Alameda, CA, USA). D-luciferin (Promega, Madison, WI, USA) was dissolved in PBS (15 g/l) and injected intraperitoneally at a dose of 10 μl/g of body weight, 40 min before observation. Mice were anesthetized using a 2% isoflurane/oxygen mixture and placed in the imaging chamber. A region of interest was drawn for each tumor, and the signal was calculated based on the number of photons emitted from the body surface (photons/sec/cm 2 /steradian). Photons emitted from specific regions were quantified using the Living Image Software (Xenogen).
Histopathology and immunohistochemistry. Lung tissues were collected from sacrificed mice. Tissues were fixed with 4% paraformaldehyde and embedded using paraffin. Paraffin-embedded sections (4 µm) from successive cuts were obtained using a microtome. Deparaffinized tissue slices were treated with hematoxylin and eosin (H&E) stains using a standard protocol. Paraffin-embedded tissues were submitted to immunohistochemistry analysis using a commercial detection system (EnVision Detection Systems, Dako, Glostrup, Denmark) based on the manufacturer's guidelines. Sections were boiled 10 min in a solution of sodium citrate (10 mM, pH 6.0) to expose antigens, incubated with antibodies against cleaved caspase-3 or p-STAT3 overnight at 4 °C, followed by incubation with a secondary antibody for 1 h at 37 °C. Sections were stained with freshly prepared DAB substrate (Dako). Counterstaining was done with hematoxylin. Sections were dehydrated and placed on glass slides. Images were obtained with a commercial system (HistoFAXS, Tissue Gnostics, Vienna, Austria). Immunostaining was observed in a blind manner by two experienced pathologists.
Western blotting. Protocols used for protein extraction and Western blotting were described before 25 .
Briefly, equal amounts of proteins were loaded and separated onto a 12% SDS-PAGE. Transfer was done to PVDF membranes (Millipore, Billerica, MA, USA) that were blocked with non-fat milk (5%). Blocking was done at room temperature for 1 h with agitation. Primary antibody incubation was done overnight at 4 °C. Membranes were washed and treated with secondary antibody at room temperature for 1 h. Protein signal was detected using chemiluminescence (Millipore). Band intensity was normalized to β-actin used as a loading control.
Statistics.
The experimental results shown represent means ± standard error of the mean (SEM).
Experiments were repeated at least three times using duplicate specimens for each treatment. The results of multiple groups were compared using one-way analysis of variance (ANOVA) and Dunnett's post hoc test. The means of two groups were compared with a two-tailed Student's t-test. P values of less than 0.05 were considered statistically significant.
